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TECHENICAL NOTE NO. 145k

AN INVESTIGATTION OF ATRCRAFT HEATERS
XXX - NOCTURNAT IRRADIATTION AS A FUNCTION OF ALTTTUDE
AND ITS USE IN DETERMINATION OF HEAT L
REQUIREMENTS OF ATRCRAFT

By L. M. K. Boelter, H. Poppendisek, G. Young,
and J. R. Andersen

SUMMARY

Nocturnal radiation as used herein 1s atmospheric radlation .
excluding solar radistion. In the absence of radiation from the sun,
only long-wavelength radiation exists in the atmosphere because of the
range of temperatures present on the earth and in the atmosphers.
Thus nocturnal irradiation is deflned as irradiation caming from
gases, clouds, and dust in the atmosphere and from the earth's .
surface. .

Thig report contains generalized radistion charts for the
calculation of the irradiation from water vapor, carbon dloxide,
ozone, and the sarth in terms of the approprlate parsmeters. Thus
for a given set of meteorological data (temperature, pressure, and
relative humidity as a function of altltude and an earth temperature),
the nocturnal irradiation from eabove and below upon & horizontal area e
can be obtained as a function of altitude. These values of irradlation
may then be used to make & heat-rate balance upon the area. One set
of meteorcloglcal date is used as a typlcal example and 1is given 1n
complete detail. The nocturnal irradiatlion as a functlon of altitude
for three sets of meteorological date is presented to establish
possible limiting cases of nocturnal irradiation. R

Previous work, dealing with heat-rate balances on alrplanes,
personnel, and inanimate objects, simplified the radlation components
as follows. The water vapor and carbon dioxlide were postulated to be
perfect transmitters, and the sky temperature was postulated to be at
absolute zerc. In the present report & heat-rate balance that both
neglects and considers nocturnal radlastion is made for & heat-transfer
system. The errors involved 1n neglecting this radiation are discussed.

A discussion of the radiation charts available in the literature .
is given in an appendix. '
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INTRODUCTION

The radlant-energy exchange between an airplane and 1ts
surroundings (atmosphere and earth) at night as a function of altitude
is important-in order to complete & heat-rate balance upon an airplane.
The radiant energy falling upon a horlzontal differential area d4A; at

any elevation, is composed of three parts: (1) radiation from gases in
the atmosphere above the horizontal area, (2) radiation from gases in
the atmosphere below the horizontal area, and (3) the fraction of the
radlation from the earth whilch has been transmitted through the
atmosphere below.

Nocturnal radiation has been an lmportent problem in the field of
meteorology. Simpson (reference 1) in 1928 showed that the problem
mey be treated as follows. J¥or clear nlghts the lmportant radiating
gas in the atmosphere is water vapor. By knowlng the absorption
properties of the water wvapor, the amount of radiant energy incident
on ‘the ground originating from the atmosphere could be calculated.
Méller and Miigge (reference 2) later developed a radiation chart
based on this system which gives the nocturnal ilrradiation upon an
area, from above and below, as a function of altituds. ZElsasser,
Andersen, and Ashburn (references 3 to 5) also presented similar
radiation charts which are based on more reécent absorptlon data of
water vepor, and Elsasser and Ashburn accounted for the carbon-dioxide
contribution to nocturnal radiation. The gaseous radlation obtained
by each of these analyses consists in summing the radiation coming
from each infinitesimal layer of -gas and trensmitted through the
intermediate layers of gas. The absorptivity (or emissivity) of a
gaseous layer is a function of concentration, temperature, pressure,
and wavelength.

Andersen's method (reference 4) of determining nocturnal
irradiation at the ground has been extended in thils paper to determine
gaseous radlation at various altitudes. Andersen's method, as shown
in appendix B, applies to a system including radlation from water
vapor only, excluding the effect of carbon dloxide and ozone. In
order to calculate the nocturmnal lrradiation on an area, as a functlion
of altitude, Andersen's procedure has been scmewhat modifiled to
account for carbon-dioxide radiation and absorption. A more direct
method 1s presented for the determination of the radiation from the
earth transmitted through the atmosphere. Ozone radlation at high
altitudes has also been consildered. (See section entitled "Carbon-
dioxide and ozone radiation.') Generalized charts (see appendix A
and figs. 1 to 5) are presented to facllitate the determination of
gaseous radlation and radiastion from the earth transmitted through
the atmosphere. The procedure used to obtain these generalized
charts 1s also presented. A typical example glving the nocturnal



NACA TN No. 145k 3

irradiation falling upon both sides of & horizontal area as a functlon
of altitude for a glven set of meteorologicel date and a given earth
temperature 1is presented to illustrate the utlility of the method.

The results of nocturnal irradiation upon a horizontal area from
above and below for a very humld atmosthere and for a very dry
atmosphere are given to establish posslible limiting cases. TFor
comparison, the nocturnal irradiastion was computed by using Moller
and Migge's chart, Elsasser's chart, and Ashburn's chart for one of
these atmospheric conditions. A discussion of these methods is also
presented in appendix B.

The guthors wish to express thelr gratitude to Dr. F. A. Brooks
and Mr. E. H. Morrin for their many suggestions and to the Messrs. W.
Elswlick, V. Sanders, and M. Greenfleld, who helped with the long and
tedious calculations.

This work was conducted at the University of California under
the sponsorshlp and with the financlal assistance of the Natlonal
Advisory Committee for Aeronsutics.

IDEATTZED SYSTEM

The following ideal system has been chosen because 1t presents
an approach to the actual system and because 1t 1s one which can be
treated anelytically without great difficulty. The actual system
wlll be described flrst and then the idealized system, thus making

evident the simplifications. Nocturnal radistion includes: (1) radiation
from all radisting % ses (water vapor, carbon dloxide, ozone, etc.) present
2

in the atmosphere, ) radiation upward from the earth which has been
transmitted through the atmosphere, and (3) radiation from the dust of
the atmosphere. The radiation from a gas In the atmosphere 1is a
function of the gas temperature, gas pressure, gas denslty, and the
gas absorption characteristics. The gas absorption characteristics
may vary slightly depending upon the presence of other gas componerts.
The emlssive power of the earth's surface is a functlon of the earth's
surface temperature and spectral emissivity. The spectral emissivity
and temperature of the earth's surface will vary depending upon the
locality.

Cloude exist in the atmosphere and act as radlation shields and
ideal radiastors. The temperature, pressure, and gas-density distri-
butions of the atmosphere are transient. These distributlons change
principally as a result of the varistion of the solar radlatlion during
a 24-hour period.

The idealized system is a simplified version of the actual system.

The radiating gases of the simplified system will be limited to water

~
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vapQr, carbon dloxide, and ozome. A cloudless and dustless atmosphers
wlll be postulated. Empilrical expressions of the absorption coeffi-
clent of water vapor for values of ¥ from O to 58k centimeters™t

and from 752 to o centimeters L (M = » to 17.1 microns and

13.3 to O microns)l as a function of temperature, pressure, moisture
content, and wavelength are used. Carbon dloxide is comsidered to

have a perfect absorption band from v = 584 to 752 centimeters™l

(M = 17.1 to 13.3 microns). At high altitudes, ozone (see section
entitled 'Carbon-dioxide and ozone radiation"”) is considered to have

a strong (gv = 1) absorption band from v = 975 to 1150 centimeters™t

(A = 10.25 to 8.7 microns). Absorption characteristics of gases have
been determined without the presence of-.other gases. It will be
postulated that the absorption characteristic of a glven gas will
not change when other gases are present+ (See table I.)

For a glven locality an average earth temperature is used. The
resulting generalized curves are expressed in a range of average
earth-surface temperature. The earth will be postulated a gray
body. (A gray body is defined as one which absorbs the same fraction
of the Incident radiant energy 1n all wavelengths, or one which has a
constant spectral emissivity (absorptivity) in all wavelengths.) The
meteorological data used in making nocturnal-radiation calculations
are transient data. The ideallzed system 1s a steady-state system,
and all the analytical expressions given are for & radiant system in
the steady state. ' ”

;From a search of the literature, it appears that many writers
prefer to use wave number V rather than wavelength A .

vd0_ _ £ -
I

where A 1s wavelength In microns, V 1s wave number in centimetersTl,

¢ 18 veloclty of light in centimeters per second, and f 1is frequency

of vibration in cycles per second. Table I glves the postulated

absorption characteristics of the various gases as a function of
both ¥ and A.
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As illustrated in the preceding dilagram the lrradiation from above
and below upon a horizontal area mey be used to obtain the lrradilation
upon an airplane flying in a horizontal position. The lrradlation
falling upon the area from sbove is composed of water-vapor and
carbon-dioxide radiation. The irradiation on the area from below l1s
composed of water vapor, carbon dloxide, and transmitted earth
radiation. At altitudes of 40,000 feet, ozone radiation from above
will be consildered.

The results of calculations presented 1n thils report are, of
course, subJect to experimental verification.

METHOD OF CATCULATION

In order to calculate the various components of ilrradiation upon
the differentisl area indicated in the preceding sectlion as a functlon
of altitude, the following radiosonde data are required - pressure,
temperature, and relative humidity as a function of altitude. With
these data, values of hj are calculated as a function of altitude

in the menmner shown in the next paragraph. (For definitions of

symbols, see appendix C.) The function hé is defined as the

effective water-vapor content in the atmosphere up to any altitude =z
end 18 defined as follows:
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oL [P _2_\[300, 47 -1 [F _B__\[300
B psj; mo e & 1fo e e e ()

where

P pressure at any altitude z from radlosonde data, pounds per
‘square inch

T ‘temperesture at any altitude z from rediosonde data, °K

o density of water vapor at any altitude 2z calculated from
radlosonde data, grems per cublc centlmeter

Py density of water at stmospheric pressure and temperature
of 4° C, 1 gram per cubic centimeter

A altitude, centimeters

hé effective molsture content; subscript zero indlcates reference

altitude is at the ground, centimeters

When the values of P, T, and hé as a function of altitude are

known, the five components of irradiation can readily be obtalned by
employing the generallzed charts. (See appendix A and figs. 1 to 5.)
Detailed procedures for obtaining these radlation components wlll be
glven 1n succeeding paragraphs.

Calculation. of the function hé.- From the radlosonde data,

temperature, and relative humidity, the partial vapor pressure 1s
calculated. With the values of the partial pressure and the equation
for an ideal gas,

0=0 .015% (2)
where . .
o} water-vapor density, grems per cublc centimeter
hs) partial vapor pressure, pounds per square inch

T absolute temperature, °K
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the moisture denslity 18 obtalned as a function of altitude. Then by
P 300
the nomograph (flg. the quantit is obtained as a
graph (fig. 6) e} ym—l.n\pr

function of altitude. 'F:Lnally, vaelues of h(; are obtained by

Z
graphically integrating f f{-r;ﬁ 300 dx, or by using Simpson's

rule (reference 6) .
Water-vapor radistion.- The gaseous lrradlation upon & horizontal

differential area at any altitude has two water-vapor components, that
from above GH20 above &nd that from below G’.E[20,'below' Both :

GH O above and GHQO below are obtailned as follows: The water

vapor is postulated to be an ideal radiator (see references 1 and L)

at wave numbers of 0 to 300 centimeters -1 and 1200 t0 o« centlmeters l,
and the irradiation due to wabter vapor, GHHQO, sbove &nd Gﬁgo,below’ at

these wave numbers are thus a functlion of temperature only. The chart
in figure 2 gives these values of irradiation as a function of
temperature of the etmosphere ad..jacent to the differential area. The
irradiation, GH O above and GHEO belows due to water vapor at wave

numbers of 300 to 584 centimeters” “1 ang 752 to 1200 centimeters -1
(A = 33.3 0 17.1 microns and 13.3 to 8.34k microns) upon a differential
erea at any altitude zp, &are obtained by plotting the values of T

and h'P on the water-vapor radlstion chart in figure 1. (See also

appendix A.) The integrated area under the curve 1s the water—vapor
radiation at these wave numbers. Since GIE'I'QO above 2nd GHEO below

are equel, the only dlfference between GHQO,a.'bove and GHQO,'below

is due to the difference of because

14 t
%5,0,above 2 %50, below

GHQO sabove = G]’EQO ,above T GIIE’[‘2O sabove

4 11
®E,0,below = %Hy0,below * CH,0;below
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The value of hép 1s defined by

(3)

by (2) = |n3(2) - n(zy)

where the verticael lines signify absolute values. The function h; (z)
D

1s the effective molsture content measured either upward or downward

from the differentlial area situated at-the altitude zp.

Carbon-dioxide and ozone radistion.- The two carbon-dloxlide
components, GCOE,above and GCOE,below’ are equal at any altitude,

since carbon-dloxlde radlation 1s postulated to be perfect in its
absorption band. (See appendix A.) The carbon-dioxide radiation
chart in figure 3 gives the lrredistion dus to carbon dioxide from
either above or below (gcoa,above or GCOQ,bele>’ as a function of

the alr temperature immediately adjecent to the differential ares.
Thus, when the temperature of the alr 1s known as a functlon of the
altitude, this chart can be used to obtain Gcoe,above and GCOE,below

at eny altitude. -

The ozone component 1s neglected below.altitudes of h0,000 feet
from whence the ozone radiation chart (fig. 5) 1s used. This chart

glves GO3,above and GO3,below as a function of temperature.

Ozone radlation becomes Important at high altitudes because relatively
large quantities of the gas are found there (water-vapor and carbon-
dioxide content are smell). Ozone has two absorption bands; one
extends from v = 650 to 750 centinwters-l and the other from

v = 975 to 1150 centimeters'l. The ozone absorption band in the
region Vv = 650 to 750 centimeters ™l coincides with one of the
abgorption bands of carbon dloxide which has been postulated an

ldeal radigtor so that radlation occurring in the region has already
been teken care of. The spectral emissivity of the absorption band

In the region from v = 975 to 1150 centimetbrs'l wlll be positulated
to he ey = 1. The method of obtaining ozome radlation upon the

area dA at any altitude i1s the same as that for carbon dloxidse.
Radlstion from the earth.- The earth component reaching the

horizontal area is obtained dlrectly from the earth ?aﬁiation chart
in figure 4 when the temperature of the earth and hO(?p) are known.
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Thus the irradiation upon a differential area at any altlitude due
to water vapor, carbon dloxide, ozone, and the earth is obtained from
the followlng relations: . :

+ G, (%)

G Qoa,above + G03,above

above ~ GBéO,abOVe

Gpelow = GHéo,belcw + Gcoz,below *+ Goarth + GO3,below ()

The determination of the nocturmel irradiation may be simplified by
a system of tabulation. See the sxample given in the followlng section.

APPLICATION

The nocturnal irradistion upon & horizontasl area as a function
of altitude is obtained by the previously mentioned method for three
different sets of meteorologicel data. Radiosonde data, furnished by
the Weather Bureau of the United States Department of Commerce, were
obtained for (1) a clear mild night at Dallas, Texas; (2) a clear,
hot, and molst night at Phoenix, Arizona; and (3) a clear, cold, and
dry night at Barrow, Alaska.

The calculations for the second set of meteorological data (for
clear, hot, and moist weather) are presented here in detail to e
1llustrate the method of calculation. For all three atmospheric
conditions the radiosonde data and the results are tabulated and
shown graphically. For the clear moist night of Phoenix, Arizona,
results were also obtalned by using M3ller and Migge's radiation
chart, Elsasser's radietlon chart, and Ashburn's radiation chart.

The results end comparison are discussed 1n appendix B.

Following the method of calculation previously described, the
noéturnal irraediation as a function of altitude was calculated as
follows for a clear, hot, and molst night at Phoenix, Arizona.

(1) Tebulate the radiosonde data and then the corresponding
values of z in feet, P, py.y (see tebles IT and IIT), and p (all

in 1b/sq in. abs.); p in grams per cubic centimeter (note equation (2));

L2 /300 . 6): ; P \/.'LO_O_
the function T3\ T (see fig. 6); and, finally, pm w8

shown in table IV.
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(2) Plot the function piﬂz7§\’3%g against 2z in centimeters
(fig- 7).

(3) Using Simpson's rule, obtaln hé(z), defined by equation (1)
s a functlion of altitude 1n the menner shown in table V.

(%) Plot hy (cm) end T (°C) as a function of z (ft). (See
fig. 8.) When values of hé (cm) and T (°C) as a Punction of =z (ft)

are known, the lrradiation upon a differential area at any altitude due
to water vapor (in the spectral regions, ¥ = O to 300 qm'l and 1200 to
wem ), or A = » to 33.4 microns and 8.34 to O microns), carbon
dioxide, and the earth may be obtained directly from radlation charts IT,
IIT, and IV (figs. 2 to 4). For. the irradiation at any altitude due to
water vapor in the reglons, v = 300 to 584 centimeters’l and 752 to

1200 centimeters=l (A = 33.3 to 17.1 and 13.3 to 8.34 microns), the
following procedure 18 convenlents

(5) Tabulate the function h, , obtained by equation (3), as
P
shown in table VI.

(6) Plot the values of h;P end T (°C) of this table onto

radiation chart I (fig. 1). The areas under the curves yield the
last radiation component3“'Gﬁ20, as a function of altitude; a typical

example of radiation chert I is exhibited in figure 9 where Gﬁeo above
~ . 2

1
and Gy o,below

curves. The areas are easily obtalned by Simpson's rule. The results
of“these calculations for the nocturnal irradiation as a function of
altitude are shown in table VII and figures 10 and 11. Similar
calculations were mede for a clear, cold, and dry night at Barrow,
Alaska, end for a clear and mild night at Dallas, Texas. The
radiosonde data and the corresponding nocturngl irradiation for

these cases as a function of altlitude are shown in tables VIIT to XI
end in flgures 12 and 13.

for Zp = 5000 feet~ are the areas under the two

DISCUSSION o

Figures 11 to 13 demonstrate that nocturnael lrradlation from
above and below upon a horizontal differential area varles greatly
with altitude. For example, thé nocturnal irradistion from the



NACA TN No. 1454

gases above varies from 113 Btu/(hr)(sq £t) at the ground to

25 Btu/(hr)(sq ft) at an altitude of 30,000 feet (meteorological
data II). These values may be compared with the solar radiation
when the sun is at the zenlth which may be 200 Btu/(hr)(sq f£t). If
more accurate heat-rate balances can be made by considering the
effect of nocturnal irradiation, a better estimate of the heating
requirement of an ailrplene will result. The following illustration
serves as an example only.

Consider en eirplane flylng in Alesks near the ground. Using
theé meteorological data ITI, a heat-rate balance can be written for

the upper ‘surface of the airplane wing, both excluding and considering

rediation. It is desired to calculate the surface temperature and the

heat loss per unilt area when the temperature inside the wing l1s
maintained at 60° F;

The followlng are the postulated conditions:

above

altitude teken near ground

outside alr temperature, -12° F L

ailr temperature inside wing, 60° F

upper-wing-surface temperature

unit thermal convectlve conductance between wing and outside

air, 10 Btu/(br)(sq £t)(°F)

wnit thermal convective conductance between wing and inslde
air, 1 Btu/(hr)(sq ££)(°F)

nocturnal irradiation from above, 37 Btu/(hr)(sq ft)

wing-surface gray-body emlssivity, 0.5
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The heat-rate balance excluding atmospheric radiation is (see
reference T)

%= fci (Ti_" tﬁ) = fca(tw - Ta)

160 - &) = 10y + 12)
ty = ~5.45°F — '
% = 65.5 Bti/(hr)(sq £t)

The heat-rate balance considering atmospheric radiation is

20, (T - ) = T (b = Ta) + 040 (b + 46)* - € Bapove
1(60 - %) = 10 (&, + 12) + 0.5 x 17.3 x 10710(t, + 460)* - 0.5(37)

-7.5° F

L]

by

67.5 Btu/(hr)(sq £t)

>l

The difference in q_/A emounts to 3 percent in this case.

The relative humldity for the preceding data was very high
(90 percent). If the data had been taken during a dry day, G above

would have been much less. Also some areas of the airplane may have
unit thermal convective conductances less than 10 Btu/(hr)(sq £t)(°F)
depending upon the locatlon of these areas and the ailr velocitiles
over them. Thus for these two conditions the deviation between heat
loss, considering and exclud.ing nocturnal radiation, may exceed

3 percent. ;

Radiation may be a very important component in making a heat-
rate balance upon an airplane standing on the ground. The limiting
values of the skin temperature may be determined by the methods showm
in this report for night and day conditions (when the sun is shining).
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Figures 1h and 15 show a comparison of riocturnal irradiation as a
functlion of altitude by the varlous radiation charts found in the
literature. (See appendix B.) The results agres falrly well with
those obtained In thils report. The discrepenciles may be due to the
following considerations:

(1) Md3ller and Milgge d1d not have the latest water-vapor
gbsorption date available and neglected carbon-dloxide radiastion.

(2) Elsasser's water-vapor absorption data are essentially the
seme as those used in this report. However Elsasser, in obtaining
the flltered earth radiation, used the artifice of postulating that
the earth was an infinitely thick layer of water vapor at the
temperature of the earth, as did M&ller and Miigge and Ashburm.

(3) Ashburn's method differs from the one used in the present
report in that Hottel and Mangelsdorf's water-vapor absorption data
wers used.

For areas other than horizontal the following values for
nocturnal irradlation are suggested:

lG'a'bove
7
8
_ _ ¥ - - -
Tqulow
GB = (ld%ﬂ_%c*above + (J;g'QLB')G'below (6)

Further conslderations of irradiation on areas that are not
horizontal can be obtained in reference 8.
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CONCLUDING REMARKS

A study was made of nocturnal irradistion as a function of
altitude with the following results:

1. The atmospheric-radiation charts obtalned may be used to
evaluate a more complete heat-rate balance on airplanes.

2. It was found that nocturnal irredlation from above and below
decreases greatly as a functlon of altitude. The nocturnal-irradiation
results for several sets of meteorologlcal data are presented to
establlish possible 1imits of nocturmal irradiation.

Department of Engineering
University of California _
Berkeley, Calif., October 10, 19uk
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APPENDIX A
NOCTURNAL RADTATTON CHARTS

For the determination of the atmospherlic nocturnal lrradiation
as a function of altitude, five charts have been prepared. The
principles upon whlch the charts are based are as follows: The
atmosphere i1s postulated to be composed of uniform layers at constant
temperature and of constant water-vapor and carbon-dioxide content.
Ozone has been consldered '_previously in the section entitled Carbon-
dioxide and ozone radlation."” The emissive power of each isothermal
layer 1s defined by the relation,

E - J’“ By dv= f” eyBy(T) av (a1)
0 0

Upon examining the absorption spectrum of the radiating gases in the
atmosphere (water vepor and carbon dioxide), very strong absorption
bands are seen to exlist in various regions. In the regions v =20

to 300 centims‘bers'l and VYV = 1200 to = centimeters'l, wa'éer vapor
is postulated to radiate as a perfect radiator; that is ey the

spectral emissivity, is unity. (See Andersen's report (reference U4)
for the Justification of this postulate.) Carbon dloxide has a very

strong absorption band at the region Vv = 584 to 752 centimeters -1
and is also postulated to radlate as a perfeot radiator. (See
reference 3. Thus ey the spectral emissivity of the isothermal

layers 1s also unity for V = 584 to 752 centimeters™l. In the

regions V = 300 to 5811-.centimeters'l and V = 752 to 1200 centimsters'l,

water vapor is postulated to have the absorption characteristics in

P 00
which K, = KO v .73 3— suggested by Elsasser (references 9
and 10) from the examina'bion of experimental datea. The spectral

emlssivity €, 1in these regloms is Ko yd'. (See the following
paragraphs for the definltions of Kv and. KO v) The spectral
emlssivity €y of the earth's surface is also postulated to be wnity.

The irradlation upon a differential area from either the earth's
surface or a layer of gas wlth a nonabsorbing intervening medlvm may
be found from the following considerations.
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< r >|e—dar—
A Isothermal gasecus
dz | layor or earth's
v 2 surface
N
A 1 ae
|
. 6>
z Z
de
6
dAg

In the preceding diagram the monochromstic radiaent energy incildent
upon dA; originating from surface 2 is, by the definition of ie’v

(see reference 8)

d.3q = ie’v cos 6 dA; dq dv

or

_ 12,v cos 6 cos 6 dAy dA, 4V
Z2

a3q (a2)

where

dQ:j—‘Agcose
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Since
d.A2 = 2 dr ) _ - )
r=18s8ln6
1 dé
= = e
I coSs

and since the gaseous layers and the earth's surface are diffuse
surfaces, or

o) .
E>w
equation (A2) becomss E—
3 - o
d = 25 6 sin 6
PG 2,y Cos 6 sin d9 dA; av (A3)

If the intervening space contains an absorbing medium, then by
Beer's law,

-fK(vaT) dz
E =E° o bRt (A.)-I-)

wvhere X(v,p,P,T) 1is the absorption coefficilent defined by e
equation (AlLS the radiant energy originating from surface 2 incident
upon the dj.fferential area dA, 1s

3 _
d.q,2 ;l_?_EE,VcosesinedBdAldv L



18 NACA TN No. 145k

or

3 o -fK(V,p,P,T) at
d.q2 =28 e - cos 6 sin € 49 dA @ (A5)
—>1 2,V

Since the atmosphere 1s postulated to act as a black body
except in the spectral reglons of Vv = 300 to 584 centimeters”

end V = 752 to 1200 centimeters'l, information concerming the
absorption coefficient K(v,p,P,T) is needed only in these wave
numbers. Data on the absorption coefficient X(v,p,P,T) of water
vapor in these spectral reglons as & function of wavelength, con-
centratlions, pressure, and temperature were analyzed by Elsasser
(references 9 and 10). He proposed the followlng equations:

1

_ P‘{___’jg_gdh= ah'
K(V,p,P,T) di = Kb,v LT3V T cos @ Kb:v cos 0 (26)

where
= —[2,000 _ (AT)
50,v (v - 200)2
and

v _ P {/300 __P 00 — 300 8
dh —_—lh.73VT dh T3 .73\?, p dz __-Kl—l .73\“ p cos 9 dl (A8)

When these empirical equations for the absorption coeffioientlof
water vapor in the spectral reglons of V = 300 to 584 centimeters

and Vv = 752 to 1200 centimeters-l are used and the postulate that
the atmosphere acts as a black body in the remainder of the spectrum
1s employed, equation (A5) may be easily modifled to give the
nocturnal irradistion upon & differential area as a functlon of
altitude with the radiant energy origlnating either from the gases
in the atmosphere or from the earth's surfacs.



In order to obtain the nocturnal irrasdiation due to the gases only (from above or below),
equation (A5) 1s modified and integrated as follows:

aq 300
Ggases—)l = ‘ii%?l'l EL[; BV(Tl) av

RLLm

Iovdhz
maef sin 6 46 v dhy

1 1
f752 () fth (T) _coaefxo’v e in 0 d av b,
T, ) dv + e 8
+ _ By\Ty 0 w752 232\' lrOv Zp

+ fm B, (Ty ) av | | (49)

HGHT *ON NI VOVN
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fKOV z
, %08 6 ! D gino a0 av

dGEEO f f 2B, (T)E;

1200 fin/2 dhy
+ 2By (1) ye waefxov P otn g as av (A10)
y=752 J8=0
equation (A9) becomes
' dq 300 h 0
G gnsos—>1 = __e.%.;lil)_ = Bv(Tl) av + f “p dGH‘a d'th Bv(Tl) av
0 0
+ fleoo Bv(Tl) av (a11)

HGHT *ON NI VOVN




In ordsr to obtain the nocturnal irradiation upon da; at eltitudes above the ground
due to the earth, equation (A5) is modified and integrated as follows:

T 581 1 f !
G _ %o : T . 2ein6 cosd e OF 0 Fo,v Tzp 6 av
sarth—>1 = ~ g» = earth” ° cos ¢ o
1 8=0 Uv=300

s/2 11200 - 19jK0vd.h:;
+ Eeartha sin 6 cos 6 o °OF ? P ag av
B8=0

VeT52

3
where Eon — aT oartn? 204 € omrth is postulated as unity. The radiant energy lesaving the

earth at the other wave mumbers is immedlately absorbed by the water vapor and carbon dloxldse,

for these gases act as a black body at these wave numbers.

0f the five radlation charts mentioned, only four are used to obtain the nocturnal
Irradiation for altitudes up to 40,000 feet.

%Gy, 0
Radiation chart T.- The ordinates end ebscisses of chart I {fig. 1) are = and h’zp,

_ Zp
! !
dﬂE[QO dGZE[EO
where - is defined by equation (A10). The curves shown are the relations between ;
d.hz d-h-Z
D »
1
. "0 :
and. th at conetant temperstire or o against th- Thus by plotting the variation

ZPT

HGHT *ON NI VOV

T3
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of T (°C) and h";‘P with altitude of a particular atmosphere, the

ac. . — . . .-
0
chart ylelds the relation ,Ee against h'z for the gystem. The

P
aroa under the curve GE20 g:lves the nocturnal irradiation due %o

the water vapor iIn the a'bmosphere in the spectral regions of
v = 300 to 584 centimeters™  and v = 752 to 1200 centimeters-l,

which is the sum of the second and third integral of eguation (A9)
or the second integral of equation (All).

Radiestion chert IT.- Chart IT (fig. 2) glves the relation of

300 ]
J; By(T) av +f1200 By(T) av = Gg,o @s & function of T.

Therefore, by knowlng the temperature adJacent to the differential
area @dA; +the nocturnal irradiation from the atmosphere in these

spectral regions is lmmediately obtained.

Radigtion chart ITT.- Chart IIT (fig. 3) gives the carbon-dioxide

752
contribution GCOE = f 8 By(T) dv, as & function of temperature.
584 '

(See equations (A9) and (All).)

Radlation chart IV.- Chart IV (fig. 4) gives the relation
of Gggyrth—s1 (see equation (Al2)) as a function of Toarth

and hé( p) Thus by knowlng the latter two variables, the earth's

radietion contribution 1s easily obtained. This chart does not glve
the correct value of Gggpip fOT ho(zp) .0 (equation (A12)).

The value of G, .., for ho(z) 0 is O'T); " (s_missive power

of the earth) and is equal to the sum of Of o (Teartn) %00p (Teartn)s
and Gggpth—>1 &8 obtained from radiation chert IV.

Readiatlon chart V.- This chart (fig. 5) 1s discussed in the
section entitled 'Carbon-dioxide and ozone radlation.”
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APPENDIX B .

A DISCUSSION AND COMPARTISON WITH PREVIOUS METHODS OF

OBTAINING NOCTURNAL. ATMOSPHERTC RADTATION

Md8ller and Miigge (reference 2) developed a radiation chart for
the following 1deal system. The radiating gas in the atmosphere is
water vapor only. The atmosphere is a serises of isothermal and
constant-vapor-cohtent differential layers, and the earth 1s replaced
by a layer of gas of Infinite thickness. The fundamental equations —
of Moller and Miigge for gaseous radiastion in the atmosphere and thelr
methods of integretion are the same as those presented in appendix A

.
I
~
> _ -
Tn.+3 dh'
Tn+2 dn’
Tn+l dh’
T, dh'

Refg;ence levq}

Y/ 1707010117 0727777777774

T_n dh' o
T-(n+l) dh’
1
r'1'1-(1::.4-2) dh B
- - ____ ___ _martn's surface __ _
Tearth 00 i ©
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except for the absorptivity data. Although they recognized the
equation for heat transfer between two flat surfaces with en absorbing
medium, they developed-a radiation chart for this system which
considers the sarth as an infinitely thick layer of water vapor.

Elsasser (reference 3) developed a similar radiation chart
using more rellable recent water-vapor absorption data, and accounted
for the carbon-dioxide radilation by means of the postulate that the
carbon-dioxide redilation acts es a black body at certain wave numbers.

Andersen (reference 4) presented a radiation chart for the
nocturnal atmospheric radiation incident—upon the ground which
conslders water vapor only. This chart will also yleld the water-
vapor radiatlion upon a surface at levels above the ground, but it
wlll not give the earth component filtering through the water
vapor .

Ashburn's radiation chart (reference 5) is also similar to that
of MSller and Miigge. Ashburn's method differs from MOller and Miigge's
and Elsasser 's methods in his choice of water-vapor-absorption data
and his method of incorporating the carbon-dioxide coniribution to'
the radiation. Ashburn used Hottel and Mangelsdorf's water-vapor-
absorption data (reference 11).

The methods of-MSller and Miigge, ElsassSer, and Ashburn were used
to calculate the nocturmal radlation for the aforementioned atmospheric
condition for a clear, hot, and moist day in Arizona. These results
are presented in table ITT and are compared with the method presented
in this report in figures 14 and 15. In the calculations of nocturnal
irradiation employing the charts of M&ller and Miigge, Elsasser, and
Ashburn, the function ho 18 obtalned as suggested by Elsasser in

P
1000

is

reference 3 where the water-vapor-absorption correction

used instead of EE%?§ \f3%Q.
N P - W\[_P__
dho = °\lloo dz = ngooo ap

where
effective molsture content (see equation (1)), centimeters

acceleration of gravity, ~ 1000 centimeters per second?

2w &

ratio of water vapor to alr density from radiosonde data, grams
per kilogram o - _ : =

A comparison of ho as a function of altitude calculated by Elsasser's
and Andersen's methods is given in-figure 16.
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+ APPENDIX C
L]
SYMBOLS

A erea of heat transfer perpendicular to direction of heat .

flow, 8q ft
Aq _ area of irradlated surfsce, sq ft
Ap area of radlating surface, sq £t
B‘V(T) monochromatic black-body emissive power, Btu/(hr)(sq £t)(cm™1)
B, v(T) unattenuated monochromatic black-body emissive power of area Ag,

’ Btu/ (br) (sq £t) (cm1)

c speed of light, 2.998 x 100 cm/sec
E total emissive power, Btu/(hr)(sq f£t)
Eoarth emissive power of earth, Btu/(hr)(sq £t)
B, monochromatic emissive power, Btu/(hr)(sq £t)(cm™t)
Eg’v monochromatic emissive powsr of area Ay, Btu/(hr)(sq £1)(cm™1)
]4.‘52,", unattenuated monochromatic emissive power of area Ap,

Btu/(hr) (sq £t)(cm 1)
£ frequency of vibration, cps

e unlt thermal convectlve conductance between wing and
a outside air, Btu/(hr)(sq £t)(°F)

=i 1 unit thermal convective conductance between wing and

inside air, Btu/(hr)(sq £t)(°F)
G total nocturnal irradiation, Btu/(hr)(eq £t)
G, irradiation from carbon dioxide In atmosphere,

COop 750
f B,(T) av , Btu/(br)(sq ft))
584

G =G ’ irradiation from sarth reaching area Aq,

earth—>1 earth
Btu/(hr)(sq £t)
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G = G irrediation from atmospheric gases reaching
gases—>1 ga
o8 8 area A;, Btu/(hr)(sq £t)

GEQO total irradietlion from water vapor in atmosphere reaching
area A;, Btu/(hr)(sq ft)

1

GHeo irradiation from atmospheric water vapor in spectral
regions of Vv = 300 to 584 cm~l and 752 to
1200 am™t, Btu/(hr)(sq £t)

Gﬁeo irradiation from atmospherlc water vapor in spectral
reglons of ¥ = 0 to 300 an~l and 1200 to
w cm~l, Btu/(hr)(sq £t)

GO3 irradiation from ozone in atmosphere, Btu/(hr)(sq f£t)

A subscript "below" or 'above" 18 appended to all these G's to
indicate whether the energy lrradlated upon the horizontal area Aj
is coming from below or from above the area.

Gg irradiation defined by equation (6), Btu/(hr)(sq £t)
g acceleration of gravity, cm./sec2
h. helght expressed 1n terms of moisture content of

atmosphere, cm preciplitable water .
h' effective molsture content of atmosphere, cm

hy effective molsture content; subscript zero_indicates
that the reference altlitude is at the ground, cm

effective molsture content; reference altlitude is cm

Zps
monochromatic surface intensity of emisslon of area As,
Btu/(hr)(sq £t)(steradian)(cm 1)

K(v,p,T,P) absorption coefficilent defined by equation (AL), em™+

Kb,v absorption coefficlent defined by equation (A7), em~t
1 distance, cm and ft
P atmospheric pressure, mb and 1b/sq in.

P partial pressure of water vapor, lb/eq in. .
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Paat

saturated pressure of water vapor, 1b/sg in.

rate of heat transfer, Btu/hr
radlus, cm and Tt
temperature, °C and °K _

earth temperature, °C

temperature of wing surface, °F

ratio of water vapor to air demsity, grams/kg
altitude, cnm, m, and f% e

reference plane or altitude of horizontal area Al’
Cliy m, and £t ’

monochromatic absorptlvity

angle, radians

moan. emlssivity of surface of earth
wing-surface gray-body emissivity
monochromatic emissivity

angle, radians

wavelength, microns

wave numbers, cm™t

water-vapor density, gram/cm3

density of water at atmospherlc pressure and temperature
of 4° ¢, 1 gram/em3

Stefan-Boltzmann's radiation constant, Btu/(hr)(sq ft)(QRh)
alr temperature outside and inside wing,_QF

solid angle, steradlans
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TABTE I e
>
Q
POSTULATED ABSCRPI'TON CHARACTERTSTICS (OF THE ATMOSPHERE :
=
Wave =
number, Havelfngth, Qy = €, (e
v }
Water Carbon e
(cmfl) (mderons) vapor dloxide Ozone gﬁ
0 o 300 w  to 33.% : 1 0 . 0
a
300 to 58k 33.% to 17.1 6y = Ky dh' 0 0
584 to T52 17.1 to 13.3 0 1 0
£ .3 to 10, = dh' 0 0
792 to 975 13.3 25 €y Ko,v
) b
to 11 10.25 to 8. = dh' 0 1
975 to 1130 2 7 ¢ = Xo,v
1150 %o 1200 8.7 to 8.3 ¢, = K,y 00’ 0 0
1200 to ® 8.34 to © 1 0 0
fSee appendix A for definition of K, , do'
’ ) .
PAs indicated in the text, at high altitudes orzone becomes important. At high eltitude G will

above
be the sum of G

4]
03,above’ GGOE,above’ and Gﬂ.ao,above‘ . NNAG

8%
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TABLE IT

SATURATION PRESSURE OF WATER VAPOR AS A FUNCTION
OF TEMPERATURE

[éee fig. 17 and references 12 and 13-_-]

Temperature | Temperature | Vapor pressure | Vapor pressure
(°r) (°c) (in. Hg) (1b/sq in. abs.)
~60 -51.11 0.00101 0.0005076
-55 -48.33 .00143 .000718
-50 -45.56 00200 .001005
~45 -42.78 00277 .001393
~40 -40 .00 .00380 .001912
: -35 ~37.22 .00520 .002615
-30 ~3h.4h .00701 -003525
-25 ~31.67 .00946 00476
~20 -28.89 0126 .00633
-15 -26.11 0168 00845
-10 ~23.33 0221 0112
-5 -20 .56 .0290 .01458
0 ~17.78 .03 .01896
5 ~15.00 0489 0246
10 -12.22 .0630 .0317
15 -9.4h 0807 0406
20 - -6.67 .1028 .0517
25 -3.89 .1304 0656
30 -1.11 L1645 .0827
- 0 | @ eeeema- .0886
--- 5 | me=mm=-- 1265
-—- 10 ] emeee-- .1780
-— 15 | eeeea-- 2471
-—- 20 | meeem-- .3386
--- 25 | memmee- 4581
-— 30 o e .6132
=== 35 o bl .8126
- o | eeme--- 1.0661




TABLE III

FOCTTRRAL IRRADTATION ¥OR METEOROLOGICAL DATA IT BY KITBITAG METHODS

[3ee r1gn. lll-lmﬂ.lﬁ.:]

u}:}ttnﬂa Copove G yna, balow Ooertn Cpa1ow
) (Btu/(ur) (sq £4)) (Btu/(hr)(aq £t)) \Btu/f(nr)(sq £t)) (Btu/(ur)(sg £t))
With Moller and Miggs's chart (rafarsnca 2)

0 13190 ] 159 169
3,000 7.8 11k k.9 158.9
%,000 106.5 113.8 38.2 ii%.u

].0,0(XJ &)13 11218 33 IT '5

15,000 6.5 1030 ®.6 135.6

20,000 k2.9 1 30.6 125.6

30,000 s 3 1.7 113.0
With Kipasasr's chart (reference 3)

0 106.2 0 125-5 1555
3,000 g .8 0.5 3.4 153 g
5,000 2 9.2 56.6 }io

10,000 4.0 93.2 kB.% 1.6

15,000 7.9 8.9 .6 132.5

£0,000 36.3 &.h 43.3 5.7

30,000 ————- 732 2.0 15.6
With Ashburn's chert (reference 5)

0 17.7 0 123.2 153.2
3,000 109.3 02.6 0 122.6
5,000 100.0 102.3 .1 146.h

10,000 8.0 ﬁ'h .5 133.8
15,000 66.5 §:] 40.5 101.7
20,000 2.0 TLS o.2 111.7
30,000 - 56.5 3.2 5.7

PEPT "ON NI VOVN
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TABLE IV

—E_y30
BADIOSONDE DA®A ATD CATCULATION OF P ==\

METEOROLOGICAL DATA IE (MDIBT ATMDSPHERE)

[Eluo ig. 7;'
osonds 230
Radl amta Caloulations of popfo -TSV;—
Satwrateld Partial
Temperature, [Pressurs,|Relative |Altitude, Preasure
B eh [yl P | [ e | o R e R
mb t £t 1b/aq in. abs. 't . .

¢ _t (13/aq 12 e (l‘b/aqﬂin. abs.)| (1bfsq in. abs.) (grem/on) { grem/cnd)
30.5 ] o 1,110 1k.03 0.635 0-140 0.0600 x 107 0.951 | 0.0657 % 1074
3h.0 326 13 e,ﬁ 13.h2 ST67 100 .0488 006 k%3
25.1 35 13 5, 12.10 g1 638 0319 Bet L0064
15.2 THL 16 8,660 m.g 275 Okho 0236 'ggg 01756
19.8 & 15 13,100 9. 214 0321 D168 . 01158

5.0 610 1 :;Jg,lso 8.54 % 0216 D16 N 00725

3.5 567 1 , 100 8.22 . 154 0105 581 00610
2.9 517 20 18,510 7.50 067k £135 .007h8 537 00402
,=9+0 Lo o 21,000 6.81 Ok17 00917 00520 oz 00256
215.0 4e3 25 23,600 6.12 0240 00600 00348 -k50 001567
-I7.1 26 £5,000 5.5 0216 00561 00328 BT 001406
-30.2 319 37 30,300 h.63 00510 00189 00126 o351 L0007 '
~hk.1 248 - gg,mo 3.50 e - o | e
-5%.6 186 - ,100 2.& ------ -
7.8 13 = [ b9,500 1. mmmanes

(45
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TABLE V

THE FUNCTION hc', AGATNST z FOR METEOROIOGICAL
DATA IT (MOIST ATMOSFPHERE)

[See fig. 8.]

Altitude, hy Altitude,
z nis = (cm) G
(cm) ‘73 (a) (£t)

0 x 103 b11.00 x 1076 0 0
4o 5.80
80 4.05 .51 2,625
120 3.2k
160 2.72 STTh 5,249
200 ° 2.32
240 1.93 .96 7,87k
280 1.75
320 1.43 1.098 10,500
360 1.20
400 1.00 1.193 13,130
440 .80
480 6L 1.258 15,750
520 .50
560 NT-} 1.300 18,370
600 .35
640 .28 1.328 21,000
680 .23
720 .18 1.345 23,620
760 .15
800 .11 1.357 26,250
8Lo .08
880 .06 1.363 28,870
920 .05
960 .05 1.368 31,500

aS:meson's rule glves area for even lntervals only.

b
By extrapolation. :



TARTE ¥I

THE FINCTION th AGATRST ¢ FOE METFOROTOGICAL DATA IT (MDIST ATMDSPHERE)

Altitude, Temperature ' ! 1 1 ' 1 :
) P 0 hiooo | D500 | Mo,000 bs000 | Peo,000 bos 000
(£t) (°c) (am) (cm) (cm) (em) (cm) (cm) (cm)

0 33.5 0.00 0.5%0 0.758 1.07h 1.240 1.306 1.3%0
1,000 32.5 266 28k 68 .808 .g{h 1.040 1.08%
2,000 30.2 405 25 .327 .6h9 815 .881 %g
3,000 29.9 550 .00 202 52k % 756 .
k4,000 28.8 660 110 092 Bk . 646 690
5,000 27.0 T52 202 .00 .322 88 554 590
6,000 o4.8 .835 085 083 239 o5 471 515
g,ooo 2.5 -902 352 2152 172 .338 Nif) 48

,000 20.0 -568 a8 D16 .106 272 .338 .382
9,000 18.0 1.023 273 271 051 217 283 .327
10,000 15.0 1.0Th 528 300 .00 -166 .232 276
11,000 14,0 1.118 .568 366 0hk A 1. .188 238
12,000 12.0 1.160 610 408 .08 .080 k6 -190
13,000 8.8 1.190 6h0 438 116 .050 .106 .160
14,000 -5 1.220 670 h68 146 020 .086 120
15,000 5.0 1.240 .690 .568 166 .00 066 2110
16,000 3.0 1.269 712 510 .188 022 034 .083
1g,ooo 1.0 1278 728 526 20k .038 .028 072
18,000 -1.5 1.092 Tho 540 218 052 014 .058
19,000 4.0 1.306 .756 554 .£32 066 00 LOLL
20,000 -5.5 1.318 768 566 L2hl .ogg 012 032
21,000 -9.0 1.328 T 576 254 0 022 022
22,000 -11.1 1.335 T ;gg 261 095 029 .015
23,000 -13.5 1,350 790 . 266 .100 ggg 010
2k, 000 -16.0 1.3h6 CLT96 5% *om 106 . .00k
25,000 -18.0 1.3%0 .800 598 276 110 Olth .00
26,000 -20.5 1.355 .603 281 115 .09 005
27,000 -22.7 1.358 808 606 284 118 052
£8,000 -25.0 1.360 810 608 284 o120 .05k 010
£9,000 -27.5 1.363 813 1 289 123 057 .013
30,000 -30.0 1.366 B15 STk 292 i 126 060 016

¥E
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TARIE VIT

NOCTURNAL TRRADIATION FOR METEOROLOGICAL DATA IT (MDIST ATMOSPHERE)

[See figs. 10 ana 11.]

z T h(') GE'[QO ,above GJ;QO sabove GGOQ, gbove Gabove
(zt) (%) (a) | (Bto/(hr)(sq 26)) | (Btw/(hx)(sq £4)) | (Btw/(nr)(sq £5)) (Bn/(tr) (sq. 2t))
0 33.5 0 7.8 38.3 26.8 112.9
3,000 29.9 .550 36.8 36.0 25.7 gﬂ-s
5,000 27.0 752 30.1 3.5 25.0 9.6
10,000 15.0 1.07h 18.1 28.6 0.1 68.8
15,000 5.0 1.2h0 9.48 23.5 19.3 52.08
20,000 5.5 1.318 h.oy 18.7 16.8 hl.oh
30,000 -30.0 1.366 0 13.0 11.6 2h.6
(;t) (EG) h(') G]rIQO,belov Gaeo,bﬂlmi Gﬂoe,below Ggarth Gpelow
_ () | (Btu/(tr)(eq £5)) | (Btw/(ar){sq ££)) | (Bbn/(hr)(sq ££)) | (Btu/(br)(eq £5)) | (Btu/(hr)(sq.ft))
o] 135 1}0 0 0 0 154.1 15h.1
3,000 | 29.9 550 3l 36.0 25.7 55 151.1
5,000 | 27.0 52 38.1 3k.5 25.0 &8 145.6
10,000 | 16.0 | 1.07h k2.6 28.6 29.1 35 128.3
15,000 5.0 | 1.240 43.h £3.5 19.3 27.5 13.7
20,000 5.5 | 1.318 k0.6 19.7 16.8 29,5 101.6
30,000 | ~30.0 | 1.366 k2.0 13.0 11.6 19.0 85.6

7G¥T "ON NI VOVN

Gg



TABLE VIII

RADIOSONDE DATA FOR METEOROIOGICAL DATA ITT (IRY ATMOSPHERE)

Altitude, Temperature, Pressure, Relative humidity
z T P
8 -2 . 1024 9l
230 -23.5 g9k gl
360 -19.9 978 8
510 -19.1 9568 69
810 £0.1 519 62
1,540 -23.5 832 66
2,310 -27.0 THY 22
2,520 -27.0 726 88
3,330 -31.6 o8 %
"% -35.1 576 88
5,150 -41.5 Lgg 8
6610 515 400 88
7,550 56-3 36 o
7800 -57.1 332 8
8,560 -61.3 29k o
8,970 ~62.1 276 88
9,260 61.6 263 88
9,800 -56.8 241 88
12,090 -50.3 169 8
13,510 =lk.5 136 =
14,080 -43.9 125 &

oL
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TARIE TX

BOCTURNAL TRRADTATTON FOE METROROLOGICAY DwrA I¥I (DEY ATMOSPHERE)

[eee £15. 12.]

h(', Glli'eo,zmove . GI;QD ,abore Gcoa,above Gabove
(cm) (Btu/(hr) (aq £t)) (Btu/(xr)(aq £1)) (Btu/(br)(sq £t)) (Btu/(hr)(sq £t))

0 9.45 k.3 12.7 36.k5
060 6.9k 15.3 13.5 35.7h
0087 5052 lh'IS 1-3'0 33'02
=140 2.46 130 11.6 27 06
.163 0o 1.3 10.1 2200
<171 .30 9.6 8.4 18.80
175 0 7.5 6.3 13.

L Gl'!eO,belm Gl;goybelw Bc0p, beloy Goarth

Gbalaw
(cm) | (Btuf(kr)(sq £t)) | (Btu/{br)(sq £t)) | (Btu/(hr)(sq £t)) | (Btw/(ur)(sq £t)) | (Btu/(hr)(sq £%))

0 0 0 67.0 67.0
060 4.39 15.3 13.5 39.0 67.8
.087 6.29 14.5 . 13.0 37.0 6.5
140 8.34 13.0 11.6- 31.0 55.6
.163 9.04 11.3 10.1 26.0 h7.4
AT 9.18 - 9.6 8.4 21.0 35.0
275 9.2 7.5 6.3 15.0 28.8

é
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RADIOSONIE DATA FOR METEORCIOGICAL DATA T

(MIID ATMOSPHERE)

Altitude, Temperature, Pressurs, Relative

z T P humidlty

(m) (°c) (mb) ( percent)
0 9 1013 8o
1,000 g 900 €0
2,000 8 Tk 50
3,000 -—- 700 ho
»000 -5 61k 37
5,000 -—- 541 32
6,000 -15 hTh 30
8,000 -27 352 27
10,000 -ho 262 2k
12,000 -50 193 23

Qe
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TABIE IT

BOCTURNAL IRRADFATION FOR MEFEOROIOGICAL DATA I (MILD ATMOSPHERE)

[See £1g. 13.]
3 T h(') G];QO ,8bove G]L_D ,abhove GDOE »above Gahove
(£t) (°c) (cm) (Btu/(hr) (sq £t)) (Btu/(nr) (5q £t)) (Btu/(hr) (sq £+)) (Btn/(kr)(sq £t))
c 15.6 0 40.3 28.3 22.0 0.6
3,000 © 9.0 <700 7.6 £5.% 20.2 73.2
3,000 20 U5 20.65 23.5 19.3 63.15
10,000 -5.5 1.237 8.59 19.7 15.8 45.09
15,000 -15.0 1.326 2.84 16.7 m.g 3L.eh
20,000 ~2l.0 1.354 ;-] Wb 13. £9.02
30,000 ~41.3 1.362 0 1.4 9.5 20.9
. | m %a,0, below ,below %60, below Coprth Chaloy
(e6) | (%) | () | (Btu/(ur) (s £t)) | (Bou/(hr)(sq £v)) | (Beu/(ar)(sq ££)) | (Beu/(hr)(sg £6)) | (Btu/(tx)(sq £5))
o] 13610 0 0 0 123.0 123.2
3,000 9.0 JT00 31.0 25.4 20.2 37 113.6
5,000 50 95 33.9 23.5 19.3 32 100.7
10,000 | 5.5 | 1.237 36.k5 19.7 16.8 23.3 96.95
15,000 | -1%5. 1.326 35.7 16.7 11;.3 19.0 86.1
20,000 | -24.0 | 1.35% 36.0 kb 13. 14.0 8o.0
30,000 | -41.3 | 1.362 35.k 1..% 9.5 13.0 69.3
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NACA TN No., 1454
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Figure 1.- Radiation chart I,
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Figure 3.- Radiation chart III.
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Radiation chart IV.



44

GO3, Btu/(hr)(sq ft)
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Figure 5.-

Radijation chart V.
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Figure 7.- The function P —+__ P73 300
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(For meteorological data IT; see table IV.)
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Flgure 8.- The function h6 and temperature T against altitude z. (For meteorologleal data II,
See tables IV and V.)

Temperature, T, °C

¥G%T "ON NI YOVN

A4
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Figure 9.- Application of radiation chart I. (For meteorological data IT;
see.table VI.)
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Figure 10.- Components of nocturnal irradiation G for meteorological data II.
(See table VII.) B
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Irradiation, G, Btu/(hr)(sq ft)
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Figure 11.- Nocturnal irradiation G as a function of altitude z

for meteorological data II.

(See table VII.)
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Figure 12.- Nocturnal irradiation G as a function of altitude g
for meteorological data III. (See table IX.)
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Irradiation, G, Btu/(hr)(sq ft)
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Figure 13.- Nocturnal irradiation G as a function of altitude z

for meteorological data I. (See table XI.)
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Figure 14.- Comparison of Ggas, below 2084 Gggni for meteorological

data II. (See table III.)

0]




54 : - NACA TN No. 1454

l l leelow l

150 ~ Mbller and Migge (reference 2 )~
\\\‘< | | — Flsasser (reference 3)
N P— Ashburn (reference 5)
N Present paper [
N 1
\\ \\\ - \g‘i\
\\‘
:\\E\ \ \\\\ [ —
\
100 NN ~ T~ _
\\\ N ~—~L
j\\ G’a.bovv:: e
\\ N _=MO0ller and Miigge (reference 2) .

\ | __Elsasser (reference 3)

Ashburn (reference 5)

' Present paper’
N}\\\\

\
<t <
T~

~

//

Irradiation, G, Btu/(hr)(sq ft)

N

% 10,000 20,000 30,000

Altitude, z, ft
Figure 15.- Comparison of Gbelow and G

above IoT me_teorolog'ical data II.

(See table I11.)
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Figure 16.- Comparison of the function hé. (For meteorological data I1.)
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Figure 17.- Saturated vapor pressure against temperature,
(See table 1I.)



